As a combination of microwave Multiple-Input Multiple-Output (MIMO) antenna system and mm-wave antenna array, an integrated design is proposed to provide multi-band, high port isolation, and high gain antenna solution for 4G/5G wireless devices. In this work, an array of tapered slots is used as a decoupling structure at microwave frequency and as an antenna array at mm-wave frequency. The proposed geometry consists of a dual-band monopole MIMO antenna system operating at 4G (2.6 GHz) and 5G (3.5 GHz) sub-6 GHz bands. The wideband port isolation of more than 25 dB is achieved by introducing a tapered slot array structure. One of the key design features is the utilization of these slots as an antenna array with a peak realized gain of 15 dBi at 28 GHz, making this array dual-functional, thus more feasible for compact 4G/5G handheld devices. The proposed design is printed on an RO-5880 substrate with an overall size of 70 mm × 50 mm × 0.51 mm. The measured −10-dB impedance matching bandwidth covers two sub-6 GHz bands (from 2.45 GHz to 2.85 GHz and from 3.18 GHz to 3.68 GHz), and the wide mm-wave band from 25 GHz to 30 GHz.
I. INTRODUCTION
Compact, integrated, and multi-functional antennas have recently been investigated intensively and are highly desirable for various applications in wireless communication systems, especially in handheld devices where size constraint persists. In addition, owing to the rapid demand for high data rates from those devices, MIMO and mm-wave technologies have been proposed as enabling technologies for future wireless communication systems [1] , [2] . However, there are serious challenges, such as size constraints and high number of antenna elements at low frequency bands in MIMO technology and path loss, penetration, and high gain antenna arrays in mm-wave technology. To solve those challenges, integrated antenna solutions that can be used as a MIMO antenna system at low frequency band and a high gain antenna array at mm-wave bands are required [3] - [5] .
Several integrated antenna solutions were reported for mobile phones, WiFi, and wireless routers applications [4] - [16] . However, some of the presented designs The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha . cover only low frequency 4G/5G bands [6] - [11] and hence, are unable to support mm-wave bands. The remaining were presented for both microwave (4G, WLAN) and mm-wave (5G) bands [4] , [5] , [12] - [16] . Nevertheless, all those designs were presented without MIMO configuration at microwave bands and had relatively low gain at mm-wave bands which is less suitable for 5G applications.
Recently, slot antennas have gained high attention due to its dual-functional characteristics [3] , [17] . The slot was presented in [18] , [19] as both an isolation enhancement structure and a connected antenna array, whereas in [3] , it was used as a frequency-reconfigurable radiator at microwave band and as a connected array at mm-wave band. Additionally, a tapered slot antenna was also reported in [20] as an isolation enhancement structure at microwave band and as an end-fire mm-wave antenna. Due to bidirectional radiation patterns or using single antenna element at mmwave bands, those aforementioned designs had relatively low gain values. It is also noted that the design in [20] was not intended for mobile devices due to the presence of a circular aperture. This work presents a concept of dual-band monopole MIMO antenna integrated with a tapered slot antenna array (TSAA) for 4G/5G mobile devices. The proposed structure exploits the geometry of 2-element monopole MIMO design, which operates at 2.6 GHz (from 2.45 GHz to 2.85 GHz) and 3.5 GHz (from 3.18 GHz to 3.68 GHz). Due to the small inter-element spacing (<λ o /2 at 2.6 GHz, λ o is a free space wavelength) and sharing the same ground plane, an efficient decoupling structure is required. This is achieved by exploiting the TSAA, which also works as an end-fire antenna array at 28 GHz band with a peak realized gain of 15 dBi, thus making the TSAA a dual-functional structure. The TSAA provides both high isolation at microwave band and high gain at mm-wave band. Overall, more than 25-dB isolation is achieved for a wideband from 2.45 GHz to 3.68 GHz, which is a substantial improvement compared to the reported designs [17] , [18] , [20] , [21] .
II. CONFIGURATIONS OF MIMO ANTENNA SYSTEM AND TAPERED SLOT ANTENNA ARRAY
The proposed structure starts with a 2-element meandered monopole MIMO antenna system as shown in Fig. 1(a) . The aim is to present a highly isolated MIMO antenna design with omnidirectional radiation patterns [22] - [24] at two targeted operating bands, i.e. 2.6 GHz and 3.5 GHz since these two bands are common for 4G and 5G applications. Many techniques have been proposed in the literature to improve the isolation between closely spaced antennas [20] , [21] , [25] - [27] . Here, defected ground structure (DGS) based on a tapered slot is exploited. However, instead of using a single tapered slot [20] , [28] , an array of tapered slots is realized (see Fig. 1(d) ) in order to achieve wideband isolation at microwave band and high gain at mm-wave band.
The geometry of the final proposed design with its fabricated prototype is shown in Fig. 2 . This proposed design is modeled on a Rogers RT/duroid 5880 substrate (tan δ = 0.0009 at 10 GHz, r = 2.2) with the total size of 70 mm × 50 mm × 0.51 mm. Two monopoles and feeding structure are etched on the top layer, while a ground plane with an array of tapered slots are etched in the bottom layer of the substrate. The size of the ground plane is critical since it can affect the performance of the monopole. However, the monopole and the size of the ground plane which in conjunction with the substrate can be tailored to suit different applications, i.e. smartphones, WiFi devices or other handheld devices. For simulations and measurements, a simple 50-SMA connector is utilized for microwave frequency ports (Port 1 and Port 2) and a 50-RF coaxial precision connector (DC-40 GHz) is used for mm-wave port (Port 3).
III. DESIGN AND OPTIMIZATION
The simulations and optimization of the proposed work are carried out using ANSYS High Frequency Structure Simulator (HFSS). The design of single tapered slot antenna is well known and can be found in [20] , [28] - [30] . Here, we focus on the array configuration and the integrated structure performance. All optimized parameters are as follows: L a−b = 38, L a−c = 19.2, g s = 40, g c = 10, d a = 40, L s = 6, w s = 4, d = 2.4, L slot = 34, W slot = 6.7, d stub = 3.40, S stub = 3.40, and d f = 6.53. all values are in millimeter (mm).
A. DUAL-BAND MIMO ANTENNA DESIGN Fig. 3 (a) shows the simulated performance of a dual-band monopole MIMO antenna design shown in Fig. 1(a) . Each monopole has two main radiating arms having lengths of L a−b and L a−c . These lengths are optimized to cover 2.6 GHz and 3.5 GHz bands with satisfactory impedance matching bandwidths. The simulated S-parameters are also shown in Fig. 3 (a). It can be seen that the antenna covers two bands from 2.1 GHz to 2.8 GHz and from 3.3 GHz to 3.6 GHz.
Due to the small inter-element spacing (<λ o /2 at 2.6 GHz) and sharing the same ground plane, a low isolation of |S 12 | = 9 dB at 2.6 GHz and |S 12 | = 12 dB at 3.5 GHz is observed between monopoles. The mutual coupling can also be verified from current distributions as shown in Fig. 5 (a). When Port 1 (Ant. 1) is excited and Port 2 (Ant. 2) is terminated with 50 matched load, large surface current can be seen on Ant. 2 showing strong mutual coupling between monopoles.
B. DECOUPLING STRUCTURE BASED ON DEFECTED GROUND STRUCTURE (DGS)
A decoupling technique based on a defected ground structure (DGS) is used to improve the isolation [18] , [21] . First, a single tapered slot is etched in the ground plane. The geometry of the tapered slot is shown in Fig. 1(b) . The length of the slot (L slot ) is a critical parameter which should be around λ o /4 at 2.6 GHz since λ o was defined above at that frequency. It can be noticed that the length of the slot is similar to the length of an open-ended slot antenna which works here as a band reject filter and improves the isolation [28] at the targeted frequency band as shown in Fig. 3(b) . The targeted band can be achieved by changing the length (L slot ) of the tapered slot as shown in Fig. 4(a) . Whereas, the bandwidth of the targeted band can be adjusted by optimizing the width (W slot ) and diameter of the circular stub (d) of the tapered slot. Nevertheless, this structure is narrow band and provides band-stop notch that corresponds to high isolation only at a specific frequency band. This can be clearly seen from Fig. 3 (b) and Fig. 4(a) . It only improves the isolation at 2.6 GHz band and no improvement is observed at 3.5 GHz band.
In the proposed design, instead of the single tapered slot, an array of tapered slots (see Fig. 1 (c) and Fig. 6(a) ) is used. This structure provides higher isolation in a large bandwidth since it can be considered as a higher-order band reject filter. The comparison of |S 12 | in three different cases: without slot, with a single slot, and with an array of slots is shown in Fig. 4(b) . It is clear from the results that an array of tapered slots provides larger and wider band isolations. In comparison with the other decoupling mechanisms such as [18] , [21] , [27] , [28] , the proposed structure is also simple but yields much wider band decoupling characteristic in a tradeoff with structure size.
As discussed previously, the array of tapered slots is also utilized as an antenna array for 5G mm-wave band (discussed in Section III-C) by maintaining the high isolation at microwave bands. Therefore, a tradeoff is required between the number of tapered slots and spacing (S slot ) between slots depending on the space between monopoles and required gain at mm-wave band. Here, 4 tapered slots are used so that they can be placed conveniently between monopoles with high gain and beam scanning capabilities. The spacing (S slot ) between array of slots is kept 4.6 mm which is less than λ o /2 at 28 GHz to avoid grating lobes. The length (L slot ) and width (W slot ) of the tapered slot are optimized to achieve high isolation in a wide bandwidth. Once satisfactory isolation is achieved, their values are kept constant as L slot = 34 mm and W slot = 6.7 mm. The current distributions are shown in Fig. 5(b) , which further verifies the significant improvement (reduction in coupling current) in the isolation.
Due to etching of the array of tapered slots in the ground plane, the impedance matching at 3.5 GHz becomes slightly worse. Therefore, a small rectangular slot on the edge of the ground plane (see Fig. 1(c) ) is etched in the ground plane which generates an extra inductance to improve the matching at 3.5 GHz. The length L s and width w s of the slot are optimized such that the |S 11 | are about −15 dB at 3.5 GHz.
C. TAPERED SLOT ANTENNA ARRAY (TSAA)
In this section, the tapered slot antenna array (TSAA), which is designed in Section III-B, is fed from a power divider to operate at 28 GHz as a high gain end-fire antenna array. Thus, the TSAA has dual features: working as a decoupling structure at microwave bands and operating as an antenna array at mm-wave band.
The geometry of the TSAA including four microstrip feeding lines is shown in Fig. 6(a) . Each feeding line consists of a 100 transmission line which is terminated with a circular stub to improve the impedance matching. The diameter d of the stub is around λ g /4 at 28 GHz. The parameters d stub , S stub , and d f are optimized to cover a wide mm-wave band with satisfactory impedance matching. The simulated performance of the TSAA is shown in Fig. 6 . The stable realized gain (changes from 16 dBi to 14 dBi) in the whole band from 25 GHz to 31 GHz confirms a wide-band characteristic. The isolation between adjacent feeding ports is more than 16 dB as shown in Fig. 6(c) .
The beam scanning performance of the array is verified in simulation by keeping the magnitude constant and varying the phase (assuming phase shifters for real design) at each port. The results are shown in Fig. 6(d) . It can be seen that the proposed TSAA can scan the beam from −18 o to +18 o with the loss of about 3 dB gain.
Finally, a compact 1 × 4 power divider with the same magnitude and equal phase is designed to test and validate the proposed array ( Fig. 1(d) ). The tapering is realized to make the power divider compact and wide-band [3] . Due to the high isolation of more than 30 dB between low (Port 1 or Port 2) and high (Port 3) frequency ports, the performance of monopoles remains the same after adding the feeding network.
D. STEP-BY-STEP DESIGN PROCEDURE
A step-by-step procedure is summarized below to demonstrate the proposed concept in a generic way.
• Select the targeted frequencies at microwave band, i.e.
2.6 GHz and 3.5 GHz.
• Choose the initial lengths of monopole, i.e. L a−b and L a−c by λ o /4 at 2.6 GHz and 3.5 GHz, respectively.
• Optimize L a−b , L a−c , and their locations to achieve satisfactory results. • Form the MIMO configuration of the monopole antenna.
• Add and optimize the TSAA to improve the isolation between MIMO antennas. Since this tapered slot array will also be used for 5G mm-wave band, its geometry must be designed based on the design procedure demonstrated in [20] , [28] - [30] . The spacing between each tapered slot must be less than λ o /2 at 28 GHz.
• Add a feeding network to excite the TSAA.
• Optimize the final structure to satisfy the requirements of microwave MIMO antenna and mm-wave array design.
IV. RESULTS, DISCUSSIONS, AND COMPARISONS
In this section, simulated and measured results are compared and discussed. A prototype was fabricated and tested to validate the proposed design (Fig. 2) . The simulated and measured reflection coefficients for low frequency 4G/5G bands are shown in Fig. 7(a) . Both Ant. 1 and Ant. 2 operate at 2.6 GHz and 3.5 GHz with −10 dB impedance matching bandwidths of 400 MHz and 500 MHz, respectively. The measured isolation between Ant. 1 and Ant. 2 ( Fig. 7(b) ) is more than 25 dB in a wide bandwidth which confirms the significant improvement compared to the other works reported in [20] , [28] . The simulated and measured reflection coefficients for mm-wave 5G band are shown in Fig. 8 . The results show that the array (Port 3) operates at 28 GHz with −10 dB impedance matching bandwidth ranging from 25 GHz to 30 GHz. The measured isolation between low (Ant. 1) and high (Array) frequency ports as shown in Fig. 8 is more than 30 dB.
The far-field 2D normalized radiation patterns in the azimuth (φ = 0 o ) and elevation (θ = 90 o ) planes for Ant. 1 and Ant. 2 at two different low frequencies, i.e. 2.6 GHz and 3.5 GHz are shown in Fig. 9 and Fig. 10 , respectively. As expected, both antennas have omni-directional radiation patterns which can also be verified from the 3D simulated radiation patterns shown in Fig. 11 . It can also be seen from 3D radiation patterns that both antennas have slightly tilted radiation patterns which help in providing diversity performance with low correlation. The simulated and measured efficiency curves are shown in Fig.13 . A 4 dB measured realized gain and more than 85% measured efficiency is achieved for both antennas. A good agreement is observed in all simulated and measured results.
The far-field 2D radiation patterns in the azimuth (φ = 0 o ) and elevation (θ = 90 o ) planes for an array at two selected high frequencies, i.e. 26.5 GHz and 28 GHz, are shown in Fig. 12 . The results show that the proposed array has end-fire directional patterns with low side-lobe levels. The realized gain and radiation efficiency curves are shown in Fig.13 . A high gain of 15 dB is obtained at 5G band which in comparison is much higher than the other recently presented works for 4G/5G application [3] , [4] , [12] , [13] . The measured radiation efficiency is more than 85 % in the 5G band from 26.5 GHz to 29 GHz. Finally, the MIMO performance of the proposed design in terms of Envelope Correlation Coefficient (ECC) and Diversity Gain (DG) is also computed. The ECC and DG are calculated using the following equations [27] , [31] .
where, ρ e is the ECC, F 1 (θ, φ) and F 2 (θ, φ) are the 3D radiation patterns of Ant. 1 and Ant. 2, respectively, while is the solid angle.
where, DG is the diversity gain. According to (1) , the ECC values, before adding the decoupling structure, between Ant. 1 and Ant. 2 are 0.053 and 0.011 at 2.6 GHz and 3.5 GHz, respectively. The values of ECC, after adding the decoupling structure, are reduced to 0.024 and 0.0068, whereas the values of DG are 9.997 and 9.999, which is desirable for MIMO applications. The results are expected as improving isolation lowers ECC values. Table 1 summaries the significance of the proposed work compared to the other reported 4G/5G integrated designs. It is found that the proposed design supports MIMO operation at microwave band, while others do not except [3] . The achieved isolation between MIMO antennas is more than 25 dB which is 6 dB higher than the design demonstrated in [3] . Additionally, the proposed array provides a realized gain of 15 dBi at mm-wave bands which is significantly high compared to the other designs.
V. CONCLUSION
An integrated antenna design employing dual-functional tapered slot antenna array has been presented for 4G/5G applications. The proposed design consists of 2-element Multiple-Input Multiple-Output (MIMO) antenna system working at microwave bands. Then, a tapered slot antenna array (TSAA) is added to the design to work as a decoupling structure at microwave frequencies and as an antenna array at mm-wave frequency. The TSAA provides 1.2 GHz isolation bandwidth from 2.45 GHz to 3.65 GHz, while working as a decoupling structure and 5 GHz impedance matching bandwidth from 25 GHz to 30 GHz, while working as an antenna array with 15 dBi of realized gain. More than 25 dB isolation is achieved at both low and high frequency bands. AMIN M. ABBOSH (SM'08) received the Doctor of Engineering degree from the University of Queensland, in 2013. He leads the Electromagnetic Innovations (εMAGin) Group and is the Head of the School of Information Technology and Electrical Engineering, The University of Queensland, Australia. He has authored more than 400 articles on electromagnetic imaging systems for medical applications, wideband passive microwave devices, and planar antennas. He is an Associate Editor for the IEEE TRANSACTIONS ON ANTENNAS AND pROPAGATION and the Senior Associate Editor for the IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS.
